Chronic spinal cord injury (SCI) is a formidable hurdle that prevents a large number of injured axons from crossing the lesion, particularly the corticospinal tract (CST). This study shows that Pten deletion in the adult mouse cortex enhances compensatory sprouting of uninjured CST axons. Furthermore, forced upregulation of mammalian target of rapamycin (mTOR) initiated either 1 month or 1 year after injury promoted regeneration of CST axons.Ourresultsindicatethatbothdevelopmentalandinjury-inducedmTORdownregulationincorticospinalmotorneuronscanbereversedinadults. Modulating neuronal mTOR activity is a potential strategy for axon regeneration after chronic SCI.
Introduction
Spinal cord injury (SCI) often causes permanent functional deficits due to the failure of axon regeneration in the adult CNS. This lack of regeneration has been largely attributed to the diminished growth capacity of neurons and to the inhibitory environment (Schwab and Bartholdi, 1996; Filbin, 2006; Harel and Strittmatter, 2006; Zheng et al., 2006; Giger et al., 2010; Liu et al., 2011; Bradke et al., 2012) . Many attempts have been made to promote axon regeneration in the spinal cord, mostly before or immediately after injury. One of the most convincing pieces of evidence that axons can regenerate across the lesion site after chronic SCI comes from the peripheral dorsal root ganglion (DRG) neurons, which have their central branches in the spinal cord. Applying a conditioning lesion to the peripheral branches of the DRG can boost the growth capacity of chronically injured neurons and encourage regeneration either without gliosis formation (Ylera et al., 2009) or with permissive graft-plus-neurotrophin delivery (Kadoya et al., 2009) . Interestingly, ascending axons can actually pass the gliosis-free lesion even in the absence of conditioning lesions, suggesting that these adult peripheral neurons retain a higher axon growth capacity than central neurons (Ylera et al., 2009) . However, whether CNS neurons with low intrinsic growth capacity can still regenerate across the injury site in individuals with chronic SCI, in which the inhibitory extracellular matrix at the lesion site is well established, remains an open question.
The loss of the regrowth potential of corticospinal tract (CST) axons is accompanied by a corresponding downregulation of the mammalian target of rapamycin (mTOR) activity in corticospinal motor neurons (CSMNs) upon maturation, which is further reduced after injury (Liu et al., 2010) . Deleting Pten, a negative regulator of mTOR, in the CSMNs of neonatal mice before injury enhances the compensatory sprouting of uninjured CST axons and enables their regeneration past a spinal cord lesion by preventing the downregulation of mTOR (Liu et al., 2010) . Recent studies have indicated that Pten knockdown in the neonatal cortex through shRNA also elicits a growth-enhancing effect (Zukor et al., 2013) and even promotes functional recovery through a combination strategy (Lewandowski and Steward, 2014) . However, whether the injury-induced downregulation of the growth capacity can be reversed in adult CSMNs and whether chronically injured CST axons can regenerate are still unexplored. Here we report that Pten deletion could increase collateral sprouting from the intact CST when it commenced 1 week after unilateral pyramidotomy. Initiated either 1 month or 1 year after injury, it enabled the regeneration of CST axons. ;Rosa_Tomato) mice were used in this study. For all surgical procedures, mice were anesthetized with ketamine (80 mg/kg) and xylazine (10 mg/kg) through intraperitoneal injection. After the surgery, mice were placed on a warming blanket held at 37°C until they were fully awake. After the operation, all mice received subcutaneous injections of meloxicam (1 mg/kg) as an analgesic.
Materials and Methods

Animals
Pyramidotomy was performed as previously described (Liu et al., 2010) in both female and male mice at 8 weeks of age. The medullary pyramid was unilaterally transected. One week later, the animals underwent cortical adenoassociated virus (AAV) injection. We used selfcomplimentary AAV 2/1 expressing Cre or GFP under a CMV promoter (Vector Biolabs), and the titer was ϳ10 13 genome copies/ml. Eight weeks after the AAV injection, the CST was traced with biotin dextran amine (BDA), and mice were kept for an additional 2 weeks. To assess sprouting by BDA tracing, we injected AAVCre or AAV-GFP into Pten f/f mice, with six mice in each group. To assess sprouting by Tomato tracing, we injected AAV-Cre into Rosa_Tomato or Pten f/f ;Rosa_Tomato mice, with six mice in each group.
The T8 spinal cord crush was performed as previously described (Liu et al., 2010) in female Pten f/f mice at 8 weeks of age. After T8 laminectomy, the cord was crushed using a pair of customized forceps. Mice with injury were kept for 1 month or 12 months before we injected the AAVs. A total of 2 l of AAV-Cre or AAV-GFP was injected into the adult sensorimotor cortex at the following coordinates (in mm): anteroposterior/mediolateral: 1.0/1.5, 0.5/1.5, Ϫ0.5/1.5, and Ϫ1.0/1.5, at a depth of 0.5 mm. Four or 7 months after the AAV injection, the CST was traced with a cortical injection of BDA. In the 1 month delay experiment, we examined the regeneration 4 months after the AAV injection. Eight animals in the AAV-GFP group and 14 animals in the AAV-Cre group were used. Of the 14 mice in the Cre group, 3 mice were injected with AAV-Cre-GFP to facilitate the labeling of CSMNs. We did not find a difference between AAV-Cre-GFP and AAV-Cre, and included all mice for axon quantification. In the 12 month long-term experiments, three animals in the AAV-GFP group and four animals in the AAV-Cre group were used for the 4 month study; and five animals in the AAV-GFP group and six animals in the AAV-Cre group were used for the 7 month study. To label CST axons by anterograde tracing, a total of 2 l of BDA (Life Technologies) was injected into the same sites. Mice were kept for an additional 2 weeks before they were killed to perform histology measurements.
Immunofluorescence staining. Animals were transcardially perfused with 4% paraformaldehyde. Brains and spinal cords were dissected, postfixed, and then cryoprotected before sectioning at 25 m. The pyramidotomy lesion sites were carefully examined, and the completeness of the the different markers included the following: p-S6 (catalog #4858, Cell Signaling Technology); GFAP (catalog #Z0334, DAKO); red fluorescent protein (catalog #ab62341, Abcam); GFP (catalog #A11122, Life Technologies); VGluT1 (catalog #AB5905, Millipore); Homer1 (catalog #160004, Synaptic Systems); and PKC␥ (catalog #sc-211, Santa Cruz Biotechnology). BDA staining was performed according to the protocol provided for the TSA Cyanine 3 system (Life Technologies). ImageSurfer (Feng et al., 2007) was used to generate 3D reconstructions of the presynaptic and postsynaptic sites, which were triple-labeled with BDA, VGlut1, and Homer1.
Axonal quantifications. Axon numbers were counted manually by researchers who were blinded to the treatment. In the pyramidotomy groups, a horizontal line was first drawn through the central canal and across the lateral rim of the gray matter. Four vertical lines (Mid, Z1, Z2, and Z3) were then drawn to divide the horizontal line into three equal parts. Only axons that intersected with the lines were counted in each section. The results are presented after normalization to the number of CST fibers counted at the level of the medulla.
For the animals with T8 crush injury, the number of fibers caudal to the lesion was analyzed with a fluorescence microscope. The number of intersections between BDA-labeled fibers and a dorsal-ventral line positioned at a defined distance caudal to the lesion center was counted. Every other section of the whole spinal cord was stained. The number of labeled CST axons at different distances from the lesion site was counted in two sagittal sections spanning the level of the dorsal main CST and two additional sections ipsilateral to the main CST.
Statistical analysis. A two-tailed Student's t test was used for the single comparisons between two groups. The rest of the data were analyzed using ANOVA. Post hoc comparisons were performed only when a main effect showed statistical significance. All analyses were conducted through Prism. The data are presented as the mean Ϯ SEM, and the asterisks indicate statistical significance using the appropriate test.
Results
Pten deletion in the adult cortex increases CST sprouting after pyramidotomy Removing Pten to elevate mTOR activity in CSMNs has previously been achieved by injecting AAV-Cre into the neonatal cortex in Pten f/f mice (Liu et al., 2010) . However, the widely used AAV serotype 2/2 infects only the adult cortex around the injection track (Hutson et al., 2012) . To increase the number of neurons infected in an adult, we used a Cre-expressing, selfcomplementary AAV serotype 2/1 (AAV-Cre) in Pten f/f mice. To validate this strategy, we injected AAV-Cre into the sensorimotor cortex of adult Rosa_Tomato mice and found high Credependent tdTomato protein expression in neurons throughout the sensorimotor cortex at 6 weeks postinjection (Fig. 1 A, B) . CST axons were also filled with Tomato and were detected in the medulla (Fig. 1C) and in the spinal cord (Fig. 1D) . When injected at the same injection coordinates as the AAV-Cre injection, BDApositive (BDA ϩ ) axons were colabeled with Tomato, as shown in the medulla (Fig. 1E ) and in the gray matter of the spinal cord (Fig. 1F ) . The mean (ϮSEM) number of the Tomato ϩ axons was 5778 Ϯ 160 (N ϭ 6), and the mean number of BDA ϩ axons was 1910 Ϯ 588 (N ϭ 6). At the level of the medulla, Ͼ92% of BDA ϩ axons were also Tomato ϩ , and ϳ35% of Tomato ϩ axons were also traced with BDA. The same injection sites and a several-fold increase in Tomato labeling could explain the colabeling. Thus, using our manipulation, the vast majority of BDA ϩ axons was infected by AAV-Cre, and represented Cre ϩ neurons.
We next applied a unilateral pyramidotomy in an adult Pten f/f mouse, where CST axons from one side of the sensorimotor cortex were transected above the pyramidal decussation at the level of the medulla. The uninjured side of the cortex was injected with AAV-Cre or AAV-GFP 1 week after the lesioning. The sprouting of intact CST axons into the denervated side of the cervical spinal cord was examined by injecting BDA into the uninjured side of the sensorimotor cortex 8 weeks after the AAV injection. The distribution of labeled axons in the spinal cord was analyzed after an additional 2 weeks. Compared with controls ( Fig. 2 A, B) , Pten deletion (Fig. 2C,D) elicited extensive trans-midline sprouting of adult CST axons from the intact side of the spinal cord into the denervated side (Fig. 2E) . To directly demonstrate sprouting by AAVinfected CST axons, we also repeated the pyramidotomy experiment by using Pten f/f ;Rosa_Tomato and Rosa_Tomato mice. Both groups of mice were injected with AAV-Cre, and we quantified sprouting by normalizing to Tomato ϩ axons in the medulla (Fig. 3A) . Consistent with the BDA result, we observed more Tomato ϩ axons sprouting into the denervated contralateral cord after Pten deletion (Fig.  3B-D ). Note that the basal level of tracing was substantially increased by using Tomato mice. The completeness of the pyramidotomy was confirmed by PKC␥ staining (Fig. 4 A, B) . NeuN and DAPI staining around the AAV-Cre injection site did not reveal obvious neuronal death (Fig. 4C) . Thus, Pten deletion was sufficient to enable these adult neurons to launch a collateral sprouting response after unilateral pyramidotomy.
Pten deletion initiated 4 weeks after T8 crush induces CST regeneration
We then assessed whether Pten deletion after spinal cord injury would reinitiate CST growth. A complete T8 crush that transected all CST axons was performed, and we injected AAV-Cre or AAV-GFP into the right side of the sensorimotor cortex 4 weeks later. The CST was traced 4 months later with BDA. No CST axons extended beyond the lesion site in any of the eight control mice, which is consistent with our previous observations (Liu et al., 2010) . We observed the characteristic retraction of CST axons from the injury site. A few fibers could be observed approaching, but rarely within, the lesion site (Fig. 5A,B) . When Pten was deleted in CSMNs, we first noticed that the main CST bundle was located closer to the lesion site than in the controls, up to the very edge of the site (Fig. 5C,D) . Because all of the mice received crush injuries blindly and because we The asterisk denotes the lesion site. E, Quantification of labeled axons in the spinal cord caudal to the lesion site in both groups of mice 19 months after injury. *p Ͻ 0.0167, ANOVA followed by Bonferroni's post hoc test. Three animals in the AAV-GFP group (GFP, 4 M) and four animals in the AAV-Cre group (Cre, 4 M) were used for the 4 month study; five animals in the AAV-GFP group (GFP, 7 M) and six animals in the AAV-Cre group (Cre, 7 M) were used for the 7 month study. F, Representative images of p-S6 staining in layer 5 of sensorimotor cortex sections fromPten f/f mice with AAV-Cre-GFP or AAV-GFP 4 or 7 months after injection in the 1 year delayed SCI model. injected AAV 4 weeks after the lesion, when axon retraction had already occurred, it very likely resulted from the enhanced regrowth of injured CST axons. Importantly, 4 months after the AAV-Cre injection, many axons grew into the lesion site and beyond (for some, up to 2.5 mm) in all 14 Ptendeleted mice, but not in the 8 controls (Fig.  5E) . No labeled axons were detected beyond 4 mm distal to the lesion sites, which indicates that regeneration was limited and provides further evidence that the lesions were complete. To assess whether Pten deletion elevates neuronal mTOR activity, we examined the p-S6 signal in the cortex. Indeed, compared with the controls, immunostaining for p-S6 was substantially higher in adult Pten-deleted cortical neurons (Fig. 5F-H) . Thus, Pten deletion in the adult cortex promotes the regeneration of CST axons, and this is correlated with reversing the downregulation of mTOR in injured adult CSMNs.
Pten deletion initiated 12 months after T8 crush induces CST regeneration
Because a 4 week period of injury may not be considered chronic (Kadoya et al., 2009), we asked whether our findings could be extended to adult CSMNs with chronic injury. A complete T8 crush was performed, and 12 months later we injected AAV-Cre or AAV-GFP into one hemisphere. CST was then traced 4 months later using BDA. In many of the mice from both groups, we noticed a significant enlargement of the central canal rostral to the lesion. The cord around the lesion showed very prominent shrinkage (Fig. 6 A, B) . In the three controls, a few fibers could rarely be observed approaching the injury site (Fig. 6A) . Some of them even turned backward, indicating the inhibitory nature of the lesion boundary. In the four Pten-deleted mice, we did not detect the obvious extension of the main CST bundle. However, a few axons grew into and even beyond the lesion, up to 1.5 mm (Fig. 6B) . Interestingly, some axons were entangled within the lesion site, with abnormal terminals that morphologically resembled retraction bulbs (Fig. 6B , inset). To our surprise, in six mice at 7 months after the AAV-Cre injection, we observed that the main CST bundle extended up to the boundary of the lesion. Numerous axons also regrew into the injury site and across the lesion for up to 3 mm (Fig. 6 D, E) . In the five control mice, this did not occur (Fig. 6C ), even at 19 months after injury, which is consistent with the notion that axons in the adult CNS fail to regenerate after injury. Notably, chronically lesioned CSMNs exhibited severe atrophy and diminished mTOR activity (Fig. 6F ) . A similar atrophy effect has been found in the chronically injured red nucleus neurons (Kwon et al., 2002) . In comparison, the p-S6 signal was substantially higher and the cell size much bigger in the cortical neurons of the Pten-deleted adults, in both the 4 month and 7 month groups. Thus, Pten deletion in the adult cortex reverses the downregulation of mTOR in chronically injured adult CSMNs. Several observations indicate that these axons were regenerated rather than spared. First, many more axons crossed the lesion at 7 months after the AAV injection than crossed at 4 months, suggesting that the axons were continuously growing rather than just being spared. Additional examples from the 7 month group are presented in Figure 7A -F. Second, serial sections of the spinal cord revealed that CST axons past the lesion were not restricted to one side of the distal spinal cord and instead projected bilaterally (Fig. 8A) . This is important because normal CST projections are largely unilateral. The presence of substantial numbers of CST axons on the side contralateral to the main tract is strong evidence of regenerative growth and cannot be accounted for by spared axons. Third, in all of the mice with lesions, we found no BDA ϩ axons located 5 mm distal to the lesion site. We also verified the lesions by the lack of PKC␥ staining in the main CST bundle of the distal cord (Fig. 8 B, C) .
Notably, the majority of regenerating axons projecting into the lesion site were associated with the GFAP ϩ tissue matrix ( Fig.  9A-C,E) or even with cells with multipolar or bipolar processes (Fig. 9D) . This phenomenon has been consistently observed in previous neonatal Pten deletion and knock-down experiments, and it is likely that GFAP ϩ cells migrated into the lesion sites from both ends of the spinal cord (Liu et al., 2010; Zukor et al., 2013) . In the GFAP-negative zone, axons failed to penetrate the lesion site and formed enlarged terminals resembling retraction bulbs (Fig. 9F ) . The identity and function of these progenitorlike cells need to be further investigated.
We next assessed whether chronically injured corticospinal neurons are able to form synapses. We analyzed samples from Pten f/f mice with AAV-Cre injection at 12 months after injury. The samples were taken from the gray matter of the spinal cord caudal to the lesion site 19 months after the T8 crush. We assessed whether BDA-labeled regenerating CST axons expressed VGluT1, a presynaptic marker for excitatory synapses, and Homer1, a postsynaptic density protein involved in the targeting of glutamate receptors (Dani et al., 2010) . Some BDA-labeled bouton-like structures had VGluT1 staining at the tip of BDAlabeled CST collaterals and along the axonal length (Fig. 10A-C) , suggesting a presynaptic terminal. Furthermore, some Homer1 ϩ patches were at the tips of the bouton-like structures that exhibited BDA and VGlut1 colocalization (Fig. 10 D, E) , suggesting the accumulation of the molecular machinery characteristic of both presynaptic terminals and postsynaptic sites. These results indicate that regenerating CST axons from Pten-deleted corticospinal neurons have the ability to reform tentative synaptic connections in caudal segments. The functionality of these synapses and the identities of the neurons contacted by the regenerated axons remain unknown.
Discussion
Together, our results indicate that Pten deletion in postinjured adult corticospinal neurons enables a regenerative response that, to the best of our knowledge, has not been observed previously in the mammalian spinal cord. Both the compensatory sprouting of intact CST axons and the regenerative growth of injured CST axons were significantly increased by Pten deletion. In cortical The majority of the axons appear to pass through the lesion site through discrete areas in the dorsal to middle portions of the lesion (marked by numbers 11, 13, 19), whereas a few axons could be traced across the ventral part of the lesion (marked by number 25). Proximal to the lesion, the majority of the CST axons could be observed on the left side of the spinal cord. Distal to the lesion, some CST axons could be observed on both sides of the spinal cord, altering the original projection trajectory. Enlarged images of 13 and 17 are shown in Figures 6D, and 9 , E and F. B, C, Representative images of the transverse sections of lumbar spinal cords from adult Pten f/f mice with chronic crush injury. The section was stained with PKC␥ antibody and BDA. Note that there is PKC␥ staining in the dorsal horn (red arrowheads) but not in the main CST bundle. Scale bars: A, 100 m; B, C, 500 m.
